OBJECTIVE: Nonlinear techniques to assess heart rate variability (HRV) have received much recent attention. We aimed to evaluate nonlinear HRV responses during recovery from exercise through the novel algorithm Higuchi Fractal Dimension. METHOD: We examined 35 healthy male volunteers aged between 18 and 35 years old. For the training of exercise intensity we used 60% of Vmax determined through a progressive test using the Conconi threshold. HRV was analyzed 10 minutes before and 10 minutes after exercise. We analyzed the geometric indices of HRV (SD1, a measure of short-term HRV and SD2, a measure of long-term HRV) and applied the Higuchi Fractal Dimension to RR intervals. RESULTS: During recovery from exercise the Poincaré plot indices SD1 and SD1/SD2 decreased while SD2 and SD2/SD1 increased (p<0.0001) compared to control at rest. All parameters of Higuchi Fractal Dimension analysis were lowered after exercise compared to control at rest (p<0.0001). CONCLUSION: Physical exercise acutely decreased the chaotic behavior of HRV as measured through the Higuchi Fractal Dimension analysis. Physiologically, this indicates that we detected complex changes in HRV immediately after exercise.
■ INTRODUCTION
Physical exercise induces variation in the autonomic nervous system (ANS) sequentially to maintain the physiological homeostasis of the human body. At the begining of exercise the parasympathetic withdrawal induces heart rate increases and immediately after exercise cessation vagal reactivation returns the heart rate to basal levels. method to investigate cardiac autonomic regulation responsiveness and ANS function. The recovery of heart rate and cardiac autonomic modulation from exercise may expose the magnitude of vagal reactivation. 2 Heart rate variability (HRV) is a noninvasive method that describes fluctuations in the interval between consecutive heart beats (RR interval). This method presents information regarding cardiac autonomic regulation. 3 Traditional analysis of HRV in the time and frequency domains are mostly applied in the literature in several pathological and physiological situations. Those linear indices analyze the magnitude of HRV and provide limited information. transmitter placed on the patients chest and a HR monitor (Polar® RS800CX; Polar Electro Oy, Kempele, Finland). This system detected ventricular depolarization, corresponding to the R wave on the electrocardiogram, at a sampling rate of 1000 Hz and was previously validated. 5 Data was downloaded to the Polar Precision Performance program (v.3.0, Polar Electro, Finland). The software enabled the visualization of HR and the extraction of a cardiac period (RR interval) file in "txt" format. Following digital filtering complemented with manual filtering for the elimination of premature ectopic beats and artefacts, 750 RR intervals were selected for the data analysis. Only series with sinus rhythm greater than 95% were included in the study. HRV was analysed during two time epochs: the period 10 min before the exercise (control); and 10 min after the period of acute exercise (experimental). HRV analysis details were previously reported.
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HRV geometric indices
We evaluated the Poincaré plot indices (SD1, SD2, SD2/SD1 ratio and SD1/SD2 ratio). In general terms SD1 is the standard deviation measuring the dispersion of points in the plot across the identity line. SD2 is the standard deviation measuring the dispersion of points along the identity line. SD1 is interpreted as a measure of short-term HRV, whereas SD2 is interpreted as a measure of both shortand long-term HRV.
In the specific case of this study, SD1 and SD2 were determined as follows: an ellipse was fitted to the points of the chart, with the centre determined by the average RR interval. The SD1 indices were calculated to measure the standard deviation of the distances of the points from the diagonal Y=X; SD2 measures the standard deviation of the distances of points from the line y = -x+RR m , where RR m is the average RR interval. The SD1 is an index of the instantaneous recording of the variability of beat-to-beat and represents the parasympathetic activity, whereas the SD2 index represents the long-term HRV and reflects the overall variability. The SD1/SD2 shows the ratio between the short-and long-term variation among the RR intervals and the SD2/SD1 ratio indicates the ratio between the longand short-term variation among the RR intervals, reflecting sympathetic tone on the heart. 15 The plot was qualitatively analyzed by HRV analysis software based on the figures formed by its attractor. The expected shapes were described by Tulppo et al. 16 as: 1) Figures in which an increase in the dispersion of RR intervals is observed with increased intervals, characteristic of a normal plot.
2) Figures with small dispersion of beat-to-beat without increased long-term dispersion of RR intervals, characteristic of a reduced HRV.
For analysis of HRV indices we applied the Kubios HRV® analysis software. 17 Recently, description of the nonlinear methods used in the scientific literature were published by the European Society of Cardiology together with the European Heart Rhythm Association and co-endorsed by the Asia Pacific Heart Rhythm Society. 5 The authors verified that after validation of some nonlinear methods to evaluate HRV it may assist to give additional physiological and clinical information.
In this manner, the Higuchi Fractal Dimension (HFD) algorithm was developed and has been applied for determining the fractal dimension of discrete time sequences. 6 It is applied directly to the RR intervals of the time-series. It is not applied to any power spectra as would be the case with chaotic globals. 7 So, HFD is suggested to estimate chaotic and complex behaviour of heart rate dynamics. However, there is an absence of studies with regard to the interpretation of this algorithm applied in RR intervals to analyse cardiac autonomic regulation. Consequently, we aimed to investigate nonlinear behaviour of HRV during recovery from aerobic exercise through HFD.
■ METHOD
Study Population
The subjects participating in the study were 35 healthy male students who practiced activity at least two hours per week -all non-smokers, aged between 18 and 35 years. All volunteers were informed about the procedures and the objectives of the study and gave written informed consent. All study procedures were approved by the Ethics Committee in Research of the Faculty of Sciences of the Universidade Estadual Paulista (No. 2011-385), 8 and were in accordance with Resolution 196/96 National Health 10/10/1996. Exclusion criteria comprised body mass index (BMI) >35 kg/m 2 ; systolic blood pressure (SBP) >140 mmHg or diastolic blood pressure (DBP) >90 mmHg (at rest); cardiovascular, respiratory and reported neurological disorders.
Initial Evaluation
Baseline information included: age, gender, mass, height and body mass index (BMI). Mass was determined using a digital scale (W 200/5, Welmy, Brazil) with a precision of 0.1 kg. Height was determined using a stadiometer (ES 2020, Sanny, Brazil) with a precision of 0.1 cm and 220 cm of extension. BMI was calculated as mass/ height 2 , with mass in kilograms and height in meters.
HRV analysis
We enforced a procedure based on Task Force guidelines. 9 Instantaneous RR intervals (RRi) were recorded with a digital telemetry system, which consisted of a
Maximal oxygen consumption (V max ) analysis
For the preparation of exercise intensity we applied 60% of V max found in the progressive test through the Conconi threshold, which has been proposed to estimate the anaerobic threshold for identifying the HR deflection point using a progressive test with the use of the D max method. 18 The volunteers sustained a methodical progressive treadmill test (TPEE; Inbrasport ATL 2000) starting at a speed of 8km/hour which was incremented by 1km/hour each 2 minutes until volitional interruption, exhaustion or onset of clinical changes that prevented the continuity of test, such as dizziness, shortness of breath or intense "air hunger". 19, 20 The inclination of the treadmill remained fixed at 1%, since this condition reflects more precisely the energy expenditure of running outside.
During the test we recorded HR at the end of each phase and perceived exertion (PSE) through the Borg Scale. 21 We included volunteers that reached up to 90% of maximal HR. 22 For the identification of HR deflection point, the matched HR and speed points were plotted. Later the values were adjusted by means of a third-degree polynomial function and a linear equation of the first degree, which are data derived from each individual. Afterwards, the difference of the values of HR obtained through the above mentioned equations were calculated and a curve was designed with these values. We considered the heart rate deflection point (HRDP) as the highest value before a change of direction in curve. 22 
Exercise Protocol
Data collection was performed in the same soundproofed room for all volunteers. The temperature varied between 21 and 25°C and the relative humidity between 50 and 60%. Volunteers were instructed not to drink alcohol, caffeine or other autonomic nervous system (ANS) stimulants for 24 hours before the evaluation. Data were collected on an individual basis, always between 18:00 and 21:00 to avoid circadian influences. All procedures necessary for the data collection were explained to each subject separately, and the subjects were instructed to remain at rest and avoid talking during the collection.
Volunteers performed a treadmill exercise at 6.0 km/hour + 1% slope in the first five minutes for physically "warming up", followed by 25 minutes with intensity equivalent to 60% of V max according to the Conconi threshold with the same slope. HRV was analyzed in the following periods: control protocol -the 10-minute epoch before the performance of the exercise and the 10-minute epoch after the performance of the exercise.
Statistical analysis of HRV geometric indices
Standard statistical methods were applied for the calculation of means and standard deviations. Normal Gaussian distribution of the data was verified by the ShapiroWilk goodness-of-fit test (z value >1.0). For parametric distributions we applied paired Student's t-test while for non-parametric distributions we used the Wilcoxon test. Differences were considered significant when the probability of a Type I error was less than 5% (p<0.05). We used the Biostat Professional Software v5.8.4 for Windows.
Higuchi Fractal Dimension (HFD)
The HFD aims to quantify self-similarity and complexity of the signal. It has been applied to brain [23] [24] [25] and other biological signals. 26, 27 The algorithm is described by Khoa et al. 28 (see below). It is based on a measure of length, L(k), of the curve that represents the considered time series while using a segment of k samples as a unit, if L(k) scales such as:
The curve is believed to show fractal dimension D f . A simple curve has dimension equal to 1. Nevertheless, a plane has a dimension equal to 2. This value of D f is always between 1 and 2. D f measures complexity of the curve and so of the time series this curve is represented on a graph.
From a given time series, X(1), X (2), ... , X(N), the algorithm constructs k new time series:
where m is initial time, k is interval time, int(r) is integer part of a real number r.
The "length" L m (k) of each curve X km is then calculated as:
Where N is total number of samples. L m (k) is not "length" in the Euclidean sense: it represents the normalized sum of absolute values of differences in ordinates of pairs of points distant k (with initial point m). The "length" of curve for the time interval k, L(k), is calculated as the mean of the k values L m (k) for m= 1, 2, ... , k:
The value of fractal dimension, D f , is calculated by a least-squares linear best-fitting procedure as the angular coefficient of the linear regression of the log-log graph.
So, when L(k) is plotted against 1/k on a double logarithmic scale, with k = 1,2,...,k max , the data should fall on a straight line, with a slope equal to the Fractal Dimension of X. Thus, Higuchi Fractal Dimension is defined as the slope of the line that fits the pairs {ln[L(k)], ln(1/k)} in a least-squares sense. In order to choose an appropriate value for the parameter k max , Higuchi Fractal Dimension values were plotted against a range of k max . The point at which the Fractal Dimension plateaus is considered a saturation point and that k max value should be selected.
With a = D f , according to the following formulae: y=ax+b where, yk=ln L(k), x(k)=ln(1/k) and k k=k 1 , ... , k max , and n denotes the number of k values for which the linear Figure 1 . SD1, SD2, SD2/SD1 ratio and SD1/SD2 ratio before (Pre) and after exercise (Recovery). SD1, standard deviation of the instantaneous variability of the beat-to-beat heart rate; SD2, standard deviation of long-term continuous RR interval variability; SD1/SD2 ratio, ratio between the short-and long-term variation of the RR intervals; SD2/SD1 ratio, ratio between the long-and short-term variation of the RR intervals; ms: milliseconds.
regression is calculated where; (2 ≤ n ≤ k max ). Figure 1 illustrates quantitative analysis of the Poincaré plot. We detect that immediately after exercise SD1 and SD1/ SD2 ratio decreased compared to before exercise. Conversely, SD2 and SD2/SD1 increased after aerobic exercise. Figure 2 presents an exemplar of the Poincaré plot of one volunteer before and immediately after exercise.
■ RESULTS
In Table 1 we present descriptive data regarding HFD analysis before exercise, while in Table 2 we show results for HFD analysis after exercise.
There was significant reduction after exercise in all parameters of the HFD analysis (Figure 3 ).
■ DISCUSSION
The intention of this research was to investigate the complex behavior of heart rate dynamics after exercise through an algorithm poorly explored in previous HRV studies. HFD analysis indicated reduced chaotic responses of cardiac autonomic modulation after aerobic exercise, followed by a decline in Poincaré plot indices; thus supporting HFD as a nonlinear method able to provide chaotic analysis of HRV during physiological conditions. According to our data, SD1 index and SD1/SD2 ratio significantly decreased after exercise compared to rest control. The SD1 index corresponds to the transverse axis of the Poincaré plot, it conveyed that the standard deviation of the instantaneous variability of the beat-to-beat HR, representing the parasympathetic influence on the heart. The SD1/SD2 is related to sympatho-vagal balance and its decrease indicates reduced parasympathetic cardiac modulation after exercise.
Previous studies reported reduced SD1 values in pathological situations such as obesity 29 and chronic obstructive pulmonary disease. 30 Raimundo et al. 31 supported SD1 changes during physiological situations, since SD1 was reduced after a single bout of aerobic exercise in stroke patients. We established increased SD2 and SD2/SD1 values after exercise. The SD2 index represents the standard deviation of the long-term variability of the heart rate. 3 The SD2 index provides information related to the global variability of heart rate. It is unable to detect if the parasympathetic or sympathetic component is implicated. Higuchi Fractal during Recovery Gomes RL The SD2/SD1 ratio isolates the sympathetic cardiac component, indicating increased sympathetic cardiac regulation after exercise. Based on our results, the HFD analysis presented a highly significant discrimination between at rest and after periods of exercise. There was reduction in all HFD parameters after exercise, indicating lowered chaotic behavior of heart rate dynamics; which is in accordance with the Poincaré plot analysis.
The nonlinear behavior of HRV during recovery from exercise was explored in previous studies.
11 -15 Mendonça et al. 32 analyzed nonlinear behavior of HRV during recovery from a supramaximal exercise period. The study established: (a) a significant increase in alpha-1 scaling component of detrended fluctuation analysis (DFA) after exercise in healthy men and women and (b) a positive correlation with LF/HF ratio, indicating decreased chaotic behavior of HRV associated with elevated sympathetic cardiac modulation after exercise, which uphold our analysis here. The boxplots demonstrate Higuchi Fractal Dimension (HFD) of RR-intervals; before exercises (control) subjects (left) and after exercises (Experimental) subjects (right); calculated multiple times between 10 and 150; equidistantly for different levels of K max . The number of RR-intervals is 750 and number of subjects for both is 35.The output is measured in arbitrary units (a.u.). The point closest to the zero is the minimum and that farthest away the maximum. The second closest to the zero is the 5 th percentile and second farthest away the 95th percentile. The boundary of the box closest to zero indicates the 25 th percentile, a line within the box marks the median (not the mean), and the boundary of the box farthest from zero indicates the 75 th percentile. The difference between these points is the inter-quartile range (IQR). Whiskers (or error bars) above and below the box indicate the 90 th and 10 th percentiles. Alternatively, Francica et al. 33 reported a deficiency of HRV changes in healthy subjects during recovery from exercise by applying nonlinear methods. 33 They undertook a symbolic analysis of HRV, previously validated by Porta et al. 34 , in stroke patients and gender and age-matched subjects after a single bout of aerobic exercise. Yet, there are discrepancies between the population analyzed in their study and in our research. The cited study 33 investigated older (50 to 70 years old) and inactive women, while in our study the population was composed by healthy young men (18 to 35 years old).
Along these lines, we aimed to focus on HFD because the relationship between this algorithm and HRV is poorly scrutinized. After searching on Pubmed/Medline database, we found that this algorithm was applied on RR intervals during meditation 35 and in patients with cardiovascular disorder. 36, 37 Signori et al. 37 evaluated nonlinear methods in heart failure patients. Additionally, they analyzed HFD to probe long correlations and self-similarity of data series and proposed that it was effective in separating pathological and physiological circumstances. In addition, Cerutti et al. 38 reinforced the role of HFD as a parameter of clinical significance. It was robustly shown that this technique is efficient at discriminating different datasets, supporting the hypothesis that the HRV signal might be related in the long term. However, it is unclear in the literature whether HFD analysis applied on RR intervals is effective in short term physiological situations. In this perspective, our data provide additional evidence regarding the role of this nonlinear method in HRV during short periods of exercise.
Nonlinear analysis of HRV offers supplementary information for cardiac autonomic regulation. The traditional indices formulate quantitative analysis of HRV, whereas nonlinear methods are intended to assess the quality and correlation propoerties of the signal. 5 In addition it performs complex analysis of the cardiovascular system, 5 which is suggested to be involved in the generation of heart rate dynamics. 38 Cardiac autonomic regulation throughout recovery from exercise is an important method to perceive the possibility of cardiovascular events; since attenuated responses of heart rate after exercise were reported as a strong and independent indicator of mortality. 2 In this circumstance, new methods to detect variations of HRV after exercise provide new methods of scientific research which may assist and further balance clinical examinations.
■ CONCLUSION
A single bout of aerobic exercise acutely reduced the complexity of heart rate dynamics through HFD analysis. We reinforced the application of this algorithm to RR intervals under physiological situations. In this sense, we identified nonlinear changes in heart rate dynamics immediately after exercise.
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